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Abstract

Computer simulations of beam transport in the Scorpius injector were performed using the
particle-in-cell computer code LSP. The simulations were used to predict spot size growth
due to electron stimulated emission of ions from beam spill on the anode stalk and the
entrance transport region [1, 2|.

The Injector

The Scorpius injector is being designed to provide multi-pulse capabilities for flash-radiography
applications at the Ula Facility. Forty-two IVA cells will be driven by solid state pulse power
and supply a 2 Mega-volt electric potential across the A-K gap in a 1:1 push-pull ratio. The
2 MeV electron beam will have a current of 1.5 kilo-amps with expected rise- and fall-times
in the 15 to 25 nanosecond range.

A smooth, well controlled logistics function was initially used in the beam transport
simulations, however it was decided that a measured waveform from the TM-05 pulser would
have rise- and fall-times that will be more representative of the waveform from the final pulser
design. The TM-05 waveform shown in Figure 1 was modified as follows:

e The steady-state emission time was reduced from 120 nanoseconds to 50 nanoseconds.

e We assumed the energy variation during steady-state will be reduced as both technical
maturation and our understanding of pulse modulation continue. Because of this
assumption, the top of the measured pulse was flattened.

1



TM5-2-700V-120ns

Electric Potential (V)
| = = [y [ w
[ 93] o %] (wn] (93] =) %] (==}

0 200 400

Time (ns)

Figure 1: Measured TM-05 waveform from file TM5-2-700V-120ns-4pulse-500nsPerios-
Vpulser used to generate the waveform in Figure 2.

e The pulse was repeated to create four pulses separated by 200 ns.

e Figure 2 shows the final result.

The distance from the cathode face to the first accelerator cell gap was 8.8 meters,
and the magnetic transport fields were tuned to transport the steady-state electron beam
to the accelerator. The space charge limited emission results in the head and tail of the
electron beam having lower energy and lower current than that of the steady-state portion
of the beam, which makes the head and tail intrinsically mismatched and leads to beam
spill on the anode stalk and beam Entrance Transport Region (ETR). Figure 3 shows the
transport and corresponding beam spill of the electrons during the rise of the beam pulse
and the beam transport during the steady state (matched) portion of the beam pulse.

The solid line in Figure 4 shows the beam current at the cathode (z = 0), while the
dashed line shows the beam current at z = 724 centimeters downstream from the cathode.
The difference between the two plots is a result of the beam spill.
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Figure 2: Waveform used in the computer simulation for the A-K gap electric potential.
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Figure 3: Top - Beam transport of the head of the electron beam, which has lower energies
and lower currents compared to the steady state portion of the beam. Bottom - Beam
transport of the 1.5 kA, 2 MeV (steady-state) the electron beam.

Stimulated Emission in LSP

LSP has the capability to simulate electron stimulated emission of ions from a surface. As
with any computer simulation, there are limitations. Although the stimulated emission
cross-section is dependent on the energy of the incident electron, the computer model only
accepted a single, user entered value. Rudd’s model [3] provided a theoretical calculation of
the energy dependent cross-sections, and an approximate fit to Rudd’s model provided an
easy to use estimate of the theory. The number of electrons per energy bin were extracted
and then converted to the number of electrons per cross-section bin. The average cross-
section was found to be 7.1 x 1071 ¢cm?, Figure 5, which was the single value used in our
simulations.

The second limitation in our computer simulation was that only one species could
be desorbed at a time per area. The computer model was able to add layers of different
species to the surfaces of objects, but the desorption of each layer occurred in sequence,
one layer (and therefore, one species) at a time. This required the first layer to be depleted
before the next layer could begin to desorb.

Because the desorption of each layer of species occurred sequentially instead of
together, it was decided that the computer model should bound the problem by simulated
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Figure 4: Electron beam current (solid line) at the cathode surface and (dashed line) at 724
cm downstream from the cathode surface.
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Figure 5:

the effects of a singe fast ion species (protons) and then repeat the simulations with a slow
ion species (singly ionized water).

Beam Transport

Beam transport results are shown in Figures 6-13, while the effect on the RMS radius at z
= 724 cm downstream from the cathode shown in Figure 14. At 724 cm, the electron beam
has zero convergence. Since the electron beam also has zero convergence as it enters the final
focus, these become point-to-point, parallel-to-parallel images. See [1, 2] for further reading.



Electron Stimulated Emission of Protons
Driven by TM5 Waveform
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Figure 6: Top - Beam transport of electrons (blue) and protons (red) at 64 nanoseconds.
Bottom - Beam current as a function of time for beam transport of electrons with (blue
line) and without (black dashed line) stimulated emission.

Electron Stimulated Emission of Protons
Driven by TM5 Waveform
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Figure 7: Top - Beam transport of electrons (blue) and protons (red) at 102 nanoseconds.
Bottom - Beam current as a function of time for beam transport of electrons with (blue
line) and without (black dashed line) stimulated emission.



Electron Stimulated Emission of Protons
Driven by TM5 Waveform
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Figure 8: Top - Beam transport of electrons (blue) and protons (red) at 198 nanoseconds.
Bottom - Beam current as a function of time for beam transport of electrons with (blue
line) and without (black dashed line) stimulated emission.
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Figure 9: Top - Beam transport of electrons (blue) and protons (red) at 304 nanoseconds.
Bottom - Beam current as a function of time for beam transport of electrons with (blue
line) and without (black dashed line) stimulated emission.



Electron Stimulated Emission of Protons
Driven by TM5 Waveform
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Figure 10: Top - Beam transport of electrons (blue) and protons (red) at 460 nanoseconds.
Bottom - Beam current as a function of time for beam transport of electrons with (blue
line) and without (black dashed line) stimulated emission.

Electron Stimulated Emission of Protons
Driven by TM5 Waveform
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Figure 11: Top - Beam transport of electrons (blue) and protons (red) at 506 nanoseconds.
Bottom - Beam current as a function of time for beam transport of electrons with (blue
line) and without (black dashed line) stimulated emission.



Electron Stimulated Emission of Protons
Driven by TM5 Waveform
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Figure 12: Top - Beam transport of electrons (blue) and protons (red) at 638 nanoseconds.
Bottom - Beam current as a function of time for beam transport of electrons with (blue
line) and without (black dashed line) stimulated emission.
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Figure 13: Top - Beam transport of electrons (blue) and protons (red) at 704 nanoseconds.
Bottom - Beam current as a function of time for beam transport of electrons with (blue
line) and without (black dashed line) stimulated emission.



Rrms Variations During Rise Rrms Variations Durring Rise
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Figure 14: Top Left - RMS of the beam radius at z = 724 cm downstream from the
cathode for 15, 20 and 25 nanosecond rise times without stimulated emission. Top Right -
Normalized Differences of the RMS beam radius at z = 724 ¢m without stimulated emission.
Bottom - Normalized Differences of the RMS beam radius at z = 724 cm with stimulated
emission of protons for four 50 ns pulses separated by 200 ns.



Electron Stimulated Emission of Singly lonized Water
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Figure 15: Top - Beam transport of electrons (blue) and singly ionized water (red) at 124
nanoseconds. Bottom - Beam current as a function of time for beam transport of electrons

with (blue line) and without (black dashed line) stimulated emission.
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Figure 16: Top - Beam transport of electrons (blue) and singly ionized water (red) at 280
nanoseconds. Bottom - Beam current as a function of time for beam transport of electrons
with (blue line) and without (black dashed line) stimulated emission.
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Electron Stimulated Emission of Singly lonized Water
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Figure 17: Top - Beam transport of electrons (blue) and singly ionized water (red) at 324
nanoseconds. Bottom - Beam current as a function of time for beam transport of electrons
with (blue line) and without (black dashed line) stimulated emission.
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Figure 18: Top - Beam transport of electrons (blue) and singly ionized water (red) at 444
nanoseconds. Bottom - Beam current as a function of time for beam transport of electrons

with (blue line) and without (black dashed line) stimulated emission.
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Electron Stimulated Emission of Singly lonized Water

Driven by TM5 Waveform
t = 526.0 ns
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Figure 19: Top - Beam transport of electrons (blue) and singly ionized water (red) at 526
nanoseconds. Bottom - Beam current as a function of time for beam transport of electrons

with (blue line) and without (black dashed line) stimulated emission.
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Figure 20: Top - Beam transport of electrons (blue) and singly ionized water (red) at 652
nanoseconds. Bottom - Beam current as a function of time for beam transport of electrons

with (blue line) and without (black dashed line) stimulated emission.
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Electron Stimulated Emission of Singly lonized Water
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Figure 21: Top - Beam transport of electrons (blue) and singly ionized water (red) at 725
nanoseconds. Bottom - Beam current as a function of time for beam transport of electrons

with (blue line) and without (black dashed line) stimulated emission.
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Rrms Variations During Rise Rrms Variations Durring Rise
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Figure 22: Top Left - RMS of the beam radius at z = 724 c¢cm downstream from the
cathode for 15, 20 and 25 nanosecond rise times without stimulated emission. Top Right -
Normalized Differences of the RMS beam radius at z = 724 cm without stimulated emission.
Bottom - Normalized Differences of the RMS beam radius at z = 724 cm with stimulated
emission of singly ionized water for four 50 ns pulses separated by 200 ns.
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